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ABSTRACT 


Twenty-ane constant current welds were made at DCRP currents 
from 2@4 to 358 A. Three experiments were conducted where the 
current was in the form of a very slow sawtooth waveform from 
200 Å to 38Ø Å over a period of SO seconds. Two low frequency 
pulsed current welds were made using a 650 A peak current and a 
25Ø A base current at 58 percent duty cycles; at 38 Hz arıd 19 
Ge All welds were made bead on mild steel plate using constant 
current GMAW equipment and argon + 2% oxygen shielding gas. 
After welding, the plates were cut, ground, polished and etched 
with 12% nıtal solution to shou depth of penetration. 


The canstant current welds showed that unlike rte behavior in 
GTALJ, penetration increases gradually over the current range 
tested. Also, the growth ef the "finger” cenetituted nearly all 
of the total penetration increase indicating convective flows of 
increasing magnitude. The ramped current experiments reinforced 
the observation that penetration increases gradually over the 
current range examined. The weld pool Was also observed to 
fluctuate, elightly depress and finally depress significantly» as 
the compound vortex started to form, formed completely and then 
grew stronger. The low frequency pulsed gas metal arc welds 
realized very little penetration because the wire feed motor was 
not fast enough and the torch had to be raised causing severe 
arc spreading. 


Thesis Supervisor! Or. Koichi Masutuchi 
Title: Professor of Ocean Engineering and Materials 
Science 





SCKNOLLEDGSMENTS 


The author wishes to thank Professors Koichi Masubuchi and 
Themas Eagar for their instruction, help and support. Alec, 
much gratitude is due Or. Greg Kalodziejczak, who provided not 
only aid and insight but encouragement and humor. 

Most importantly the author recognizes the assistance of 
three very special ladies without who's cooperation this thesis 
would still be a small stack of illegibly scrawled notes. The 
first is my best friend, who fortunately is my wife, Arlene. 
The ether tuo are Miss Jennifer Spencer and Miss Jacqueline 
Spencer who are pleased to have their daddy back. It is finally 


"later. 





TABLE OF CONTENTS 


lo, Introduction 
J. Gas NMetal-Arc Welding in Shipbuilding. 


c. DU oma T ed Weld inga mesas eoa nosse nnan 


3. AAA ٣٠٣ ده واو د‎ eee oa A D aiu. uw 
4. Compound Vortex... cc ae IET 


tel. The Process and Variables of Gas Metal -Arc 


ESE ST OURO II IE uis di. s ia ee ae‏ دا 
er Fiectroder Melt ing Rate. ...ccu. Sea e‏ 
ود وو * 9s Metal TI a $e 5s. «1.5.9244» «s.‏ 
Lespduugobaulpmett....5.5252.45 Ss‏ .4 
es Prediction of the Fusion Zone..... FE‏ 
Pernet ation Mechanisms scia eneo d e sene‏ .6 
Ta Sir PN cA La‏ 


III. Previous Work 


i. Compound VOT CEU IMN. نا‎ ٢ واو و ووه‎ aS 
es Pulsed GMAW....... N N 
3. Goal وه‎ aan m ao # a a د د‎ a 88 a 8 G a a a 8 8 å a 8 a a G a e. a 


IV. Experimental Work 
I experimental ppparatue....2.22203% 
c Constant Current Experiments....... 
cus Ramped Current Experiments........^.... 
4. Low Frequency Pulsing ExperimentS..... 


a a è s 06 a G 06 86 08 08 08 6 4% “a S 


AER RS $9399 79x09 9» 1 0 
een > 14 
Welding 

E1205 2 204.4. واه واه د‎ 2 v Df 
Sen د دد دد د ها‎ tS b 
PD RED 
EEE ER د نه‎ 737 
دود د‎ 279 4 1/3.» 3 €» » Nd 
FE sn E a3 
š $a scs e d 1.47 
GE EN . 48 
a ee ode «90 


e a a @ 8 8 8 a 8 8 8 8 8 a . 502 


PET esse esas ds 


e a a a a a 8 2 8 8 a هم‎ a a . 5ه‎ 


Mu Results and Discussion 
I Initial Objectives................. se NG 
D. miscussion 0f ResultS......(..... aaa lo 64 
di Observations During Ramped Current Experimerts.......67 
4. Puls ing Strategy . . .. s ss nn m دوه واو اود وره 1 ه0 12 د د د‎ C) 


VI. Computer Model 
J" Banduetuon Solution..s.s4asaada Sea T 
E Comparison uith Experimental Results.. 


VII. Conclusions 
1. Compound Vortex in GAL... aoa 
er Grawth of the Finger Perretration...... 
Ss. Distributed Source Conduction Selution 
4. Increased Penetration........ TEE 


Appendices: 
Å. Temperature Field Program 


1 Hao a MiS NS. ala ao a ه112 هده د‎ 62 5212272 

e. Program Explariati0NM..ooo.ooo..... nooo o. 

B. Computer Program CGutput,.,......... .... a 
Refererices. 8 8 a a a a 8 å å a a a هق‎ ٥ a a 8 a a G G G a a 8 8 aa a a a a ë 8 8 å a 


a a a a a a a a 8 a مو‎ a a a ve 
e a a a a G a a a 8 6 8 8 8 8 TS 
e a a a a a a a هم‎ e a a a a a 32 
a a a G 8 9 a a 8 9 8 a 8 a 4 32 
e a a a a a a a a e aa 8 8 a € 83 
e aa a a a 8 58 8 4 8 8 8 8 a مه‎ 33 
e a a a 8 8 a 8 a وم‎ a s s 8 85 


. e 8 8 8 a a8 e a a 0o a a a 108 





Figure 


1. 
e. 


3. 
4. 


10. 


II. 


ې 
Ú‏ 


دت 1 


14. 


15. 


16. 


lø. 


13. 


195 


20. 


el. 


23, 


24. 


LIST OF FIGURES 


ere fern 0 د‎ 126۴۳۴ Vel Oo aono neoe neno anae ane a 6. #08 د4د‎ RUP E x 
Longitudinal cut through a tack weld showing 
dereets . mn NTN a G 
ph gr amet the compound ۷00۳ ووو و وه ففوهه 17-12 له .لاه‎ IS 
Effect of an electrode extension and welding 
current on electrode melting fate 6.56 60 6 eb be wee ae os 
Dependence of melting rate due to anode heating 


on the magnitude of welding current....o...o..oon..so 
Effect ef arc length upon the melting rate of a 

٢٨ 117 2-3 11ص اتم‎ 6٤۳ 6۵6 وو وډ ورو و وولو ولو ډو و و وډ نږږ‎ FEE EE 
Concentration of electramagnetic force at the 
region of minimum sectional area... . . .. .. . aa ووو و وه ووه‎ 
Effect of diameter cof drop on velocity during 
A A S S y واوو لل د هداد‎ vos se kee ce ace ce 
Effect of current on the size and freqeuency 

drops transferred in an argon-shielded arc......... 
Increase in transition current from drop to 
axlal-spray transfer caused by increasing the 
CET UGE 112317 6-6 د ۳م‎ e aaa aa a a aaa ee aa o a e 
Changes in transition current from drop to 
axial-spray and rotary spray arcs caused by 

changes in the electrode extension and diameter.... 
Plots of constant dimensionless temperature over: 
the operating parameter (‘8/n)...... EEE ws «lepers 
Plot of surface depression versus current observed 
Er واا‎ NNN ee EOS 


Typical time plot of current used in pulsed GMAW... 


The experimental apparatuSo.....o.oo.o.. A Ve S KE 


Plot of sawtooth waveform used in ramped 


current 62٣ 6 1116 ٣ ENN oe så ee ae 


Plot of penetration versus current for the 


Gems mart ne Ul Gt ce x Per LINeNnts 2.6.66 5 626 woo hs tls ee وای ولغ‎ 
Diagram of weld cross section showing “AD total 
Penetration and ¿B> finger penetratiO0N.....oooo.... $ 


Plot of finger penetration versus current for 

Me O GrS Can t current expëer 1ImentS. . هدد ده د وهه دد دد د دو‎ 
Plot comparing finger penetration to 

Hesse ener at on NNN å P e 
Plot cormparirng penetration resulting fram ramped 
Current experiments to penetration resulting from 
mec antecurrent?'experiments...*5*9*.5*9*9**99*55. 
Plot of longitudinal temperature distribution for 


weld 1-1 predicted b» the computer model........... 
Plot of transverse temperature distribution for 
weld 1-1 predicted b» the cemputer model........ د د د‎ 
Plot of longitudinal temperature distribution for 
weld 1-2 predicted ty the camputer madel...... een 


Page 





seis 
e «16 


لپت .. 


. . 319 
e «31 
ped 





ES, 


265. 


Table 


Plot of transverse temperature distribution for 





weld 1-2 predicted bv the computer model.......... ....80 
Plot of predicted and experimental 
7 WB NUS een Bl 
LIST OF TABLES 

Page 
Values for CR for various diameters of a mild 
steel electrade a a a 88 8 e a a a a ® û û û û û û û û û دی د‎ 09 à à 8 8 8 8 å 8 وى اص هی یو یو‎ 8 24 
Transition currents for DCRP arcs with steel and 
aluminum مهال ه6‎ ۳٣ 006 5 د٧1 ده‎ ci داو دد‎ ee e ú a a د هی‎ å 8 8 8 8 8 و‎ 3 1S 
Gone cant Current exper iments data, cu cea ws ee ewes ess i 





I. INTRODUCTION 


P: Gas Metal-arc Welding in Shipbuilding. 





Welding is used in the shipbuilding industry almost 


exclusively as the joining process of choice. Certainly, many 


other industries use weldirg very extensively and the results 


presented here will have applications in those industr les as 


well. But this study has been directed touar d shipbuilding 


where a very large fraction of the overall construction cost G f 


a ship is the cost of welding. This cost includes the welding 


tools and consumables, but by the very labor-intensive nature of 


the process, most of the cost is devoted to the emplovment of 


skilled welders. Ljelders can often represent Fort to sixty 


percent of the workforce in a large commercial shipyard. The 


amount of gas metal-arc welding will vary from ship class =o 


ship class and shipvard to shipvard depending on such things as 


the fixturing available, crane lift capacities and the details 


of the ship design. Electric Boat Division af General Dynamics 


at Quansit Pcint, Rhode Island, is able to make extensive use of 


submerged arc welding in the construction of submar ines because 


of their "modular" ship design and extensive fixturing. But in 


the construction of most ships, it is safe to say that gas 


metal-arc welding is a very large fraction, if not an Outright 


majority, of the welding in terms of man-hours and consumables 


expended. 


The use of higher strength steels such as HY 100 and HSLn 
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109 require more complex welding procedures. These procedures 
include pre-heat, post-heat and total heat input restrictions.: 
The end result of these complicated procedures is more time and 
effort expended by a more highly trained welder to join the tuo 
pieces of steel. Additionally, the welder must often have 
special qualifications and weld much more carefully. Then, the 
finished weld must be inspected and any defects or 
irregularities must be ground out and welded again. It is easy 
to see why such a process is time-consuming, labor-intensive and 


expensive. 


e. Automated Welding. 


It if a worthy gcal to seek to automate the welding 
process, and in particular, the gas metal-arc welding process. 
Ideally, welding machines or robot welders could work tirelessly 
around the clock doing repetitive tasKs with great accuracy and 
speed. The efforts of human welders could be applied to more 
complex and non-repetitive welding taskKe. Ships could be built 
more quickly and at less expense. 

The trouble with this "pipe dream" is that shipbuilding in 
this country is not well-suited to automation. Ships are built 
"from the Keel up" and they are built "by system". A ship is 
built "by system" in that the hull is built First. Then the 
various systems are placed into the hull. The electrical 
distribution svstem, the fire fighting system, the internal 
communication system, the propulsion system, the ship control 
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system, the sanitary system, the compressed air system, the fuel 
system, the hydraulic system, the combat system and many more 
systems are placed in the bull Obviously this 15 a 
simplification since many of these Systems must be in Place 
before the hull is completed but the concept is valid. This 
"build by system” concept often results in very little 
repetitive work that can be performed outside the hull. Most of 
the welding occurs in the forms of welding of plates to frames 
already in place and the welding of syetems in location onboard. 
ñ "modular” concept is much better suited for me welding 
and has many other benefits that are beyond the scope of this 
paper. In a modular design, the ship is divided into "zones 65 
These zones are three-dimensional piecs of the ship that contain 
all of the system components passing through that zone. The 
zones are constructed as ane piece remote from the ship assembly 
site, transported ta that site and then assembled to form the 
Sin) cae Cleverly designed zones will have a myriad of 
opportunities for repetitive welding that robot welders will be 
capable of performing. Modular ship construction is the 
standard operating procedure in Japan, Korea and many other 
Places over seas and is beginning to gain popularity in this 
gountrvy., 

Even with modular ship canstruction, there are problems 
with automated welding. Plates distort while welding them, 
fit-ups are not perfect, jaints vary in width and depth, plate 
thicknesses vary and other, less predictable variatians occur in 
the welding conditions. Rutomated welding systems for use- in 
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shipbuilding need to be adaptable. Systems are already in use 
that can sense the changes in welding conditions and alter the 
welding parameters to accomodate these changes. These systems 
and systems like them, still under development, are capable of 
maKing changes in welding current, voltage, travel speed, torch 
height, arc length or almost any other welding parameter using a 
rule-based system to accomodate variatians in the welding 
conditions. These systems can make the appropriate changes in 
the welding parameters, provided of course, that the appropriate 
changes are Known. There are situations uhere human welders do 
not have easy solutians. Specifically, tack welds pose a 


problem that is not easily solved. 


d Tack Welds. 


A tack weld is a relatively short weld used to hold the tuo 
pieces of metal in place during welding “figure 1). It is easy 
to see that once the fit-up of tuo large pieces of hull steel is 
performed, the shipfitters can not be expected to hold the 
pleces in place until a welder can Join them. Tack welds are 
used to hold the workpieces in place while the welders work. 
Another use for tack welds has to do with the thermal distortion 
that occurs as a result of welding. Since the metal expands and 
tends to widen the joint as welding takes place, tack welds are 
used to prevent this distortion. For instance, on a long, 
straight weld; as the welder starts welding at one end, the 
other end of the joint spreads apart due to thermal expansıon. 
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Figure 1. Diagram of a tack weld. 
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It may be impossible to weld these pieces until they cool if the 
gap becomes too wide. A tack weld, or series of tack welds, 
would prevent some of the distortion and allow the welding to 
take place. 

Tack welds are usually performed by the shipfitters instead 
of welders. ‘They are often performed hastily with the idea that 
a welder will soon cover this "temporary" weld with the finish 
weld that may involve several passes. They may even involve a 
different welding process, namely shielded metal arc Erich 
electrode) welding. E 

The prablem caused by these tack welds is two-fold. 
Firstly, the presence of the tacK weld causes a discontinuity in 
the welding process. The torch suddenly becomes closer to the 
weldmert. And the normal flous in the weld pool are disrupted. 
Secondly, the tack weld, in effect, becomes a thicker section of 
metal to weld. To deal with this problem, the welder would 
require increased penetration and decreased metal deposition to 
avaid an unsightly mound or glob where he welded over the tack 
weld. This irregularity might cause the weld to fail the 
Quality control inspection. It would then have to be ground out 
and welded again; an expensive and time-cansuming process. 
Defects at the leading and trailing edges of the tack weld 
(figure 2), caused by disruption in the weld pocl flow are 
common as well. These defects, discovered by non-destructive 
testing “NOT) methods, may also result in the weld being ground 
out and welded again. 

The purpose of this effort then, is to examine a method of 
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Figure 2. Longitudinal cut through a tack weld showing defects. 
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dealing with tack welds that could be employed by an automated 
welding system. This method employs a penetration mechanism 
know as the compound vortex. At the outset, it should be stated 
that although insight has been gained as a result of the 
author's work, the method envisioned as a means of dealing with 


tacK welds, was largely unsuccessful. 


3. Compound Vortex. 


The next chapter of this paper deals with the fundamentals 
Gf gas metal-arc process and the variables involved. Since it 
is a chapter that may be sKipped by the reader who is familiar 
with the process, a brief description of the compound vortex is 
warranted here. 

1 ۴ the weld pool Was axisymmetric, tmagnetohydrodynamic 
theory predicts toroidal flow. That is, flow parallel and 
perpendicular to the axis of the arc. These flow patterns 
called "thermo-capillary” ard "dif fuso-capillary are described 
in chapter tuo. The circumferential flow would te very small. 
Real weld pools are not axisymmetric, however, and the 
circumferential flow becomes significant abave a certain 
threshold current. Lin and Eagar [11] demonstrated that observed 
weld poal depressions in gas tungsten-arc welds could not be 
explained by arc pressure alone. High speed photography of 
oxide Particles on the surface of the weld Pool showed angular 
velocities above twenty radians per second. The centrifugal 
effect of this motion causes & Cavity in the center of the weld 
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pool. This allous the arc to impinge the weldmert at a point 


below the surface. The result is a significant increase in 


penetration. The compound vortex is characterised by a regıon 


of constant angular velocity in the center: (forced vortex), 


surrounded by a region of constant angular momentum (free 


vortex). n diagram of the compound vortex model 1s shoun as 


figure 3. 





Free vortex | Forced vortex | Free vortex 
| 


Figure 3, Diagram of the compound vortex [1]. 





I I . IN Rae ESS ANA VARIABLES OF 





GAS MIE TAL -ARC WELD IMG 


I Background. 


In order to examine the process and variables af Gas 
Metal-Arc Welding, what is first required is a description of 
the process and an idea of how it differs from other joining 
processes. First of all, welding is a joining Process used 
almost exclusively on metals, where the edges of the two 
workpieces are melted or fused together. Arc welding is the 
subset of welding processes that uses an electric arc to provide 
the heat needed to melt the metal. The first electric arc was 
struck over one hundred and seventy years ago by Sir Humphrey 
Davy in England. He described his experiment as follows: "When 
a current was sent b» 1000 double plates, each 4 inches square, 
through potassium vapor between platinum electrodes, over a 
nitrogen gaz, a vivid white flame arose. It uas a most 
brilliant flame of from half an inch to one and Quarter inches 
in length." [21 But it was not until eighty years later that 
Nicolas Beriardos and Stanislas Olszewski patented a process that 
fused metal by striking an electric arc between a single carbon 
electrode and the metal workpiece. In 189392, Slavianoff proposed 
that a consumable electrode be used in place of the carbon 
electrode. Modified versions of this welding by stick electrode 
are still in use today. 

Gas metal-arc welding is a welding process where the heat 
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required for fusion 1s provided ty an electric arc struck 
between a consumable metal electrode and the workpiece. The 
electrode is a bare metal wire coiled on a spool that is fed at 
a measured (usually constant) rate to the torch where 1t makes 
electrical contact with the power supply. Thus the current 
flows from the contact in the torch, through the final inch or 
tuo of the electrode, to the arc. The molten metal in the are 
and the molten weld puddle are protected from the atmosphere by 
a gas such as argon, helium or carbon dioxide which surrounds 
the arc and blankets the puddle. Otherwise oxygen and nitrogen 
from the atmosphere would readily combine with the molten metal 
and result in a weak, Porous weld. [2] 

Industry embraced arc welding as a marvelous innovation and 
began using it with very little understanding of how it worked. 
It was enough fer industry to Know that it did work. Much work 
has been done in this century to determine what variables affect 
the final weld and in what ways. Some of the important results 
cf this work especially in the area of gas metal-arc welding 
will be summarized in this chapter. Before that can be done, 
some discussion of the process variables is required. This 
discussion will firet caver electrode melting rate, metal 
transfer and welding equipment. Temperature distribution 
equations have been used to approximate the fusion zone and 
these uill be discussed next. Finally, the current theories on 
weld pool moticn and its effect an penetration and weld bead 


geometry will be explored. 
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e. Electrode Melting Rate. 


There are tuo major sources of heat that contribute to the 


melting of the cornsumable electrode. [3 د رال دي اې‎ heat 15 
generated at the tip of the electrode. Most gas metal-arc 
welding is performed with the electrode positive (DCRP). Iri 


this case the electrode is the anode. Totai heat transferred to 


the anode QA 1s 


DNE UI Se UM Np tee 


where EC is the heat transferred b» conduction, acy is the 
heat transferred by convection, ap is the heat transferred by 
radiation and GE is the heat transferred by electrons impacting 
the anode. Sanders and Ffender [51 found that heat transfer due 
to the electrons impacting the anode were responsible for up to 


85 percent af the total heat transfer. They further described 


Qp - I € SkT/&e + U ED) 


where SkT/2e is the electron thermal energy, U is the potential 
drop across the anode region of the arc, called the "anode fall” 
and D ig the potential energy surrendered by an electron upon 
entering a metal, called the electron "uorkfunction." The size 
of the boundary layer at the anode and the magnitude ard shape 
of the anode fall in this region is the subject of same debate. 
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[5,9,10] The region under dispute is so small and temperatures 
so high that complete understanding of these phenomena 15 not 
currently available. But it is generally agreed that the bulk 
of the heat is carried by the electrons. 

The second major source of heat occurs as a result of the 
electrical resistance heating caused by the current passing 
through the electrode. 

Lesnewich [4] showed that heating due to radiation from the 
weld pool and the arc is M o! Heat conducted by the 
molten tip of the electrode to the electrical contact point and 
then lost through conduction is also negligible under most 
welding conditions. [3] 

Now that the two major sources of heat have been 
identified, it is left to examine the factors which affect them. 
Anode heating is affected by the current and electrode diameter 
but not the electrode extension. The melting rate due to 
electrical resistance Heatirig is proportional to the electrode 
resistivity, extension and current squared but inversely 
proportional to its cross-sectional area. Electrode melting 
rates are generally independent of the shielding gas. [4] 

Lesnewich studied gas-shielded metal-arc welding primarily 
using commercial mild-steel welding wire. [41 He determined 
that the contribution of anode heating to the electrode melting 
rate could be determined by measuring the melting rate at 
Various electrode extensions and extrapolating the data back to 
an extension length of zero. Figure 4 shows a typical plot of 
the effect of electrode extension on electrode melting rate. At 
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or electrode melting rate.[4| 
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zero extension, heating due to electrical resistance would be 
zero and the melting rate would be entirely due to anode 
heating. Lesnewich found that the melting rate due to anode 


heating, Ma, could be expressed as: 


where Ca is the anode heating coefficient and I is the current. 
Ca is related to the anode drop and the electrode work function. 
It uas shoun that Ma is independent of arc length and electrode 
extension. The anode heating coefficient is dependent upon the 
Specific heat of the electrode and its diameter. Figure S is a 
typical plot oaf anade melting rates as & function of current. 
The voltage required to force current through a conductor 


is given by Ohm's lau. 


vn PBS les 
where: ONE electrical resistivity 
L = conductor length 


A = cross-sectional area af the conductor, and 

I = current flowing through the conductor. 
Electrical resistivity is strongly dependent an the temperature 
of the conductor. This voltage drop, YR times the current 
flowing through the uelding electrode, I, is the heat energy due 


to the electrode's resistance, Hp : 


(LBS./ HR.) 


ANODE HEATING (M,) 


Figure 5. 
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Dependence of melting rate due to anode heating on 
the magnitude «af welding current. 4] 





Hp = Px LYA x 2 


The equation for the melting rate due to resistance heating can 


be simplified to the form: 
2 
M = C I 
R ENS 


where en 1s a constant of proportıonality that 15 dependent 


upon electrode diameter and the electrade resistivity. [9] 





Table 1. values for _ for various diameters of a mild steel 


electrode [41]. 


rR 
Diameter fin) in min amp in) Ibo chr rs in) 
8.830 260.0 x 1801-4 Ss 93.02 10T -6 
0.845 42.1 x 101-4 114.09 x 1071-6 
A.Ø62 10:3 x 10729 4.72 22107-6 
2:033 I6 xX 107-4 fuc x I0T-6 





Leserwich found an exponential relationship between the 
Cross-section area of the electrode and the resistance heating 
coefficient, Cp , as follows: 

3.69 x 1078 > 
= — “lb/hr in Amp ) 


= = 
P = 
AF eS 
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or 
(1b/hr in amp E ) 


This equation and the equivalent expression for the anode 
heating coefficient were combined to provide an empirical 
equation for the electrode melting rate for direct-current 
reverse-polarity gas metal arc welding with a mild steel 
electrode. 


3.60x108 L I^ | 
gp (0.017 + 0.3741 + E -- (1b/hr) 


It is worthy of note that arc length has very little effect on 


melting rate as shown in Figure 6. [43] 
3. Metal Transfer. 


Metal fram the consumable electrode is transferred to the 
Weldment when the electrode is melted and drops of metal fall or 
are propelled through the arc to impact the weld pool. Wine in 
the case of short-circuit transfer, metal is transferred when 
the electrode extends and comes in contact with the weldment. 
The resulting short-circuit and associated rise in Current 
through the electrode causes the tip of the electrode to melt 
off. This short Circuit" or "dip" mode of transfer, although 
verv useful in many applications, realizes little penetration 


and sa will not be discussed in any depth in this chapter. 
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Figure 6. Effect af arc length upon the melting rate of a mild 
mos electrode .[4] 
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To cause the metal drops to travel across the arc, forces 
must act on the drops. The nature and magnitude of these forces 
have been the subject of some study. [3,6,7,8] A drop of molten 
metal is suspended from the tip of the electrode by surface 
tension. Surface tension is on the order of 1200 dynesy/cm [3] 
for mild steel. In the case of a 1716 inct CO. 16cm) diameter 
electrode, this force would be abaut 600 dynes. This force must 
be overcome in order for the drop to travel across the arc. The 
force due to gravity is an obvious candidate. This force is 
equal to the volume of metal in the drop times the mass density 
of the molten metal oS. a ein? for steel) times the 
acceleratiori due to gravity (S380 cm/s12). For a spherical drop 
of radius @.1 cm this force equals S32 dynes. It would take a 
drop over half a centimeter in diameter to overcome the 600 dyne 
surface ter<slar force. In fact, the force due to gravity could 
te considered negligible for drops smaller than the diameter of 
the electrode. Thern there are other forces acting to prapel the 
drops of molten metal from the electrode to the weld pool. 

Two conductors carrying current in the same direction are 
Known to attract each other. If the electrode is considered a 
bundle of current carriers there would be a force attempting to 
reduce the electrode's diamater. This force uould not have a 
significant effect on a solid metal conductor but near the tip 
ef the welding electrode, the conductor is in transition between 
its solid state and ite molten state. This electromagnetic 
orce tendes to pinch” aff a drop and give an axial impulse. 
Reducing the diameter of the electrode has the added effect of 


er 


reducing the magnitude of the surface tension force. Thıs 


force, often called the "pinch effect", acts independent of the 


polarity of the electrode. The total axial force is: 


where I = the current in e.m.u. When the current is 300 ampere 
(3Ø e.m.u.) the force equals 450 dynes. Figure 7 shows that the 
electromagnetic force reduces the surface tension and 
concentrates the pinch effect. Consequentiy, a drop is pinched 


off along AA and is given an axial component of acceleration. 


The drop then travels across the arc and impacts the weld 


pool at speeds that exceed 3ravitaticnal acceleration alone. 


Masubuchi points out that a drop falling under the influence of 


gravity along a distance of 1:43 inch would achieve a speed of 


only 0.04 inch/s. [3] Or the other hand, Jackson abserved drop 


speeds of 15 ta 30 ips as shoun in figure a. [9] This graph 
shows the drap epeed decreasing as drop size increases. The 
knee of the curve occurs at a drop diameter af about @.49 - 0.03 
inches. It !سا‎ be shown shortly that very small drops 
idiameter < 0.03 ind are transferred ta the weld pool in the 
"spray" mode of transfer instead of the "globular" mode. Figure 


3 shows that as welding current is increased, a rather dramatic 
change occurs at about 250 amprere. Lesnewich found that using 
reverse-polarity DC, with argon and 14 oxygen as the shielding 


tr sne It len Current" Could be identified. At welding 
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Figure 7. Concentration of electromagnetic force at the region 
of minimum sectiornal area.[ ل2‎ 
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Figure 8. Effect of diameter of drop on velocity 
during transfer .[£] 


30 





200 


N RAENT 


IHANSFELN (OMOPS/SEC) 


190 


OHOP VOLUME (IN 21049) 


1,160 MILD STEEL 
ARGON * 1% OXYSEN 
APOC 174" ARC 


HATE Of 





0 00 200 190 400 $cc ° ` 
CURRENT ,aMPERES] 


Figure 3. Effect of current on the size and freqgeuency drops 
transferred in an argon-shielded reí 
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molten metal would be suspeneded from the end of the electrode 
until they "fell" toward the weld pool at arate of only af few 
drops per second. Above this current, the metal uas transferred 


in a epray 


of tiny drops at a rate cf over 200 drops per 
second. Drops smaller than about 0.0005 cu.in. are transferred 
in the spray mode. This equates to a drop diameter of about 0.03 
- 606.10 inches, or the knee of the drop velocity curve (fig. 8). 

Spray transfer is desırable for greater penetration, 
increased arc stability and the fact that it allows overhead and 
Gut of Fcsilition welding. The transition current 1s not a 
constant. It is dependent on many parameters including 
electrode composition, polarity, diameter and stickout length. 

Table 2 lists the transition current for steel and aluminum 
electrodes cf various diameters. Figure 18 shows the 
relationship between electrode diameter, stickout length and 
transition current for mild steel electrodes, under the welding 
conditions of DCKP and araorı + 17 oxygen. The transıtıon 
current for aluminum is less than that for steel and 1t 
decreases with smaller diameters and longer stickouts. 

Lesnewich [YJ proposed the following equation för 


transition current: 


I = 60 + 340800 D ~- 30 L 


where I = transition current in ampreres 
O = electrade diameter in inches 
L s electrode stickout in inches 


Se 
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Zus Tr Ton CURRENTS = C = OC RF 
ARCS tl I TH STEEL AND AL OMI I MUUT 
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Diameter Transition Current (fmperes) 
mim Steel Aluminum 
a EE 100 30 
pc 150 100 
1,6 200 I 
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Sie 409 Ep 
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Another trans ition occurs at even higher currents. 


Lesnewich found that above a certain threshold current, the +IP 


of the electrode is bent and rotates around the axis of the 


electrode. This mode af metal transfer is called sp rai" or 


updgtating" spray. It results in much spatter and is not usually 


desirable. Lesneuich [7] proposed the fotlouw ing formula for 


transition from axial spray to rotating spray! 





D^ 
J = 25 + 1350 D + 14.5 x x 10 
u L 
where I = the lowest current at which rotating spray is 


produced, in amperes 
D = electrade diameter in inches 
L - electrode stickout in inches 
Figure 11 shows the relationship between the tuo transition 


currents and electrode stickout for three electrode diameters. 


3. Welding Equipment. 


At this point, some disuccs1on of automatic gas-metal arc 
welding equipment is needed. The shielding gas, the Consumable 
electrode and the electrical power must be provided to the 
welding torch in a coordinated fashion. The shielding gas 15 
usually provided by cylinders of compressed gas regulated to the 
desired pressure and flow rate. It is channeled by means of a 


gas line to the tarch where it surrcaunds the arc and covers the 
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Figure 11. Changes in transition current from drop 
to axial-spray and rotary spray arcs caused 
by changes in the electrode extension and 
diameter. [7] 
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molten weld pool. The consumable electrode is lead from a large 
Sspool across motorized rollers which push the wire through a 
monduit to the torch. The wire feed speed may be constant er 
„variable depending on the control system. In its simplest form, 
the wire feed speed is set before welding and is maintained at a 
constant rate throughout the process. Some synergic control 
systems adjust wire feed speed as a means of compensating tor 
variations in the joint to be welded. [12] At the torch, ari 
electrical contact provides current to the electrode. A balance 
must exist between wire feed speed and electrode melting rate or 
the electrode would feed to quicKly, piling up in the weld pool, 
or too slowly causing burn-back and damaging the torch. To 
provide this balance, å constant voltage source is used. The 
potential drops in the leads and torch are fairly constant and 
once the arc is established and the plasma is near some 
quas i-—equilibr ilium, its potential drop depends only con arc 
length. Sa a canstant voltage means a constant arch length for 
a given current. The power source adjusts the current te 
maintain a given arc length (i.e. arc voltage). If the arc gets 
too short, for a given torch height the stickout will be greater 
and this increases the electrical resistance heating which 
shortens the stickout and lengthens the arc. Simultaneously the 
shorter arc causes the power source to increase the current and 
this Causes the melting rate to increase. If then the arc 
length becomes too long, these processes reverse ta decrease the 
melting rate and increase the arc length so that a constant arc 
length is maintained. The most commer set of welding conditions 


Sim 





for gas-metal arc welding of steel is DC reverse polarity 
(electrode positive) current with a shielding gas of argon plus 
small amounts of oxygen. [13] 

In an experiment, welding a steel plate with a 0.045 د1‎ 
steel electrode using DCRP and argon plus 2% oxygen as the 
shielding gas at a flou rate of 40 scf/hr, the welding voltage 
was set at 30 volts. The wire feed speed was set at 249 inches 
per minute because it was Known that this would result in a 
current of around 220 amperes, a value very near the transition 
eurrent. What resulted was a demonetration af the transition 
current and the manner by which the welding machine maintains a 
constant arc length. The metal transfer would be in the spray 
mode and the arc would became a little too long. The resulting 
reduction in welding current would cause the metal transfer ۹6 
to switch back ta globular. The the arc would become too short 
and the increase in current would cause spray transfer again. 
The arc switched back and forth between globular and spray for 


the entire length of the weld. 
=. Predictian of the Fusion Zone. 


The weld metal is defined as that region of the weldment 
that has melted and resolidified during the welding on: 
The fusion line is the boundary between the weld metal and the 
zone of metal, severly heated but not melted, called the heat 
affected zone. Rn isotherm of temperature equal to the melting 
temperature of the metal would exactly describe ign line. 
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Unfortunately, the heat transfer mechanisms at work in this tiny 
region are not completely understood and an accurate description 
of this isotherm has so far eluded investigators. Although 
Christensen [11] and Eagar [143 hawe made much progress in this 
area recently. 

Christensen, Davies and Gjermundsen [11] generalized the 
temperature distribution equations deveoloped by Rosenthal and 
others. They developed the dimensionslescs coordinates’ 
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Cartesian cccardinates moving with the heat source 
I 


O! = average thermal diffusivity 


Similarly, the temperature rise uas rendered dimensionless. 


Im” lo 
where Tm = melting temperature of the metal is chosen as the 


reference temperature 
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Finally, they defined an operating parameter, n, such that 


Q V 
4 Tra * CY ( T4 7 To) 





where c specific heat 


b 


These terms uere introduced into the Rosenthal equation for 


specific gravity 


II 


point heat sources moving across the surface of a Semi-infinite 


body: 
| V 
et ee wu 
© 
27۴ R 
where K = thermal conductivity = (XY (density “epecific heat) 


The result was: 


| (PN 
— € 
n p 
Plots cf constant B,n in the range @.001 to 100 are shonn 
in figure 12. Large values of و‎ indicate a high intensity 
heat source and low weld speed. Small values of &/n indicate a 
low intensity heat source and a high weld speed. The fusion 


line is located where @ = 1. The coordinates of the greatest 


width of anv isotherm in terms of the radius vector are given 


by: e på 
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Figure 12. Plots of canstant dimensionless temperature over 
the operating parameter <8/n)?. [10] 
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Å direct relationship is given between the operating parameter 


and f). 





The semi-circular contour predicted by these results Was 
not borne out in Christensen 's experiments. These temperature 
distributions were determined to be accurate at ranges far from 
the source but did not adequately predict the fucion line, the 
Scatter amounting in some Cases to a factor of twa. Christensen 
did however have good results in predicting fusion zone 
cross-sectianal area. Fart of the problem in predicting fusion 
zone shape is that the fusion zone is rot large compared to the 
heat source, the welding are, as assumed in Christensen's 
theory. Eagar and Tsai [14] achieved better results model irg 
the heat source as a Gaussian curve instead of the point source 
assumed by Christensen. Eagar and Tsai had 900d results in 
Predicting fusion zone area arid width but experienced 
considerable error in predicting depth. This was partly because 
of the semi-infinite plate assumption. s of the error is 
a result of depression of the surface of the weld puddle by are 
forces and convectian in the weld pool. These mechanisms were 


not considered in the models proposed by Christensen and Eagar. 





6. Penetration Mechanisms. 





Heat flow models fail to adequately describe the shape of 
the fusion zone bcause they do not take into account convective 
flows in the weld puddle. The molten metal is depressed by arc 
pressure and metal droplets impinging the surface. Radial and 
circumferential flows are established in three dimensions. 
These flou Patterns are responsible for the deep finger” 
Penetrations cbserved as well as other oddly shaped fusion 
zones. 

Essers and Walter ELS using a specially-designed 
Plasma-GMA welding torch and a water-filled calorimeter, were 
atle to isolate and measure the heat transferred to the 
workpiece by each of the three major sources of heat. They 
found that, of the total heat transferred to the workpiece, 34% 
(+37) was transferred by convection, radiation and conduction 
from the arc, 41% EE was transferred by the passage of 
currert through the vorkpice and 254 (454) was transferred by 
the drops of molten electrode. They alza found that although 
hestetrom the electric arc accounts for about 754 of the heat 
transferred to the workpiece, it can have only a very limited 
influence on depth of penetration. High speed cinematogrphy 
showed that each metal drop depresses or indents the surface of 
the weld pool. If the m frequency is higher than about 200 
Hz, the indentation does not have an CEPOTTURITY to refill 
before another drop strikes it. so the drops impact the s ame 
small crater and the heat carried by the drops is transferred 
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efficiently to the bottom of the weld pool (isa. To increase 
penetration, f x p (frequency x momentum), or total momentum per 
second, should be increased. 

Other researchers such as Mills [16] and Ishizaki [171 have 
also found that “er pool effects are most Important in 
determining fusion zone share.. The flou patterns of the liquid 
metal in the ueld pool determine the depth and shape of the 
fusion zane. If one were to take a bucket filled with water and 
direct a garden hose “jet” downward at the center of the bucket, 
one would observe the water to flaw downward in the center, 
upward along the sides of the bucket and radially inward at the 
surface. If, on the other hand, a distributed "Spray" was 
directed at the surface of the water in the bucket, the bottom 
would te undisturted. Likewise, Mills found that a constricted 
heat source established a circulation that travelled downward at 
the center, radially cutuard along the bottom, upward at the 
sides and radially inward at the surface. This Circulation 
pattern Causes much deeper penetration than cırculatıon that 
travels radially outward at the surface. The latter Can be 
established by a more distributed heat source. Ishizaki found 
that longer GTA arcs, subject to more spreading, resulted iri 
much more shallow, broader fusion zones. And shorter, more 
constricted arcs ee deeper and narrower fuslon zones. 

Å more recent study canducted by Oreper, Eagar and Szekely 
mST discussed three sources of convective flow. Bouyant 
convective flou is caused uhen the uarmer, less dense metal in 
the center of the ueld pool rises and the relatively cooler, 
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denser metal at the fusion line sinks to the bottom of the weld 
pool (diffuso-capillary flow). Electromagnetic convective flow 
is caused by the diverging current path in the weld puddle, 
establishing a magnetic field which interacts with the current 

=> => 

results in J x B (Lorerntz) forces. These Lorentz forces 
cause convective flow downward in the center, upward at the 
fusian line and radially inward on the surface ‘thermo-capillary 
flow). And surface tension driven convection is a result of the 
shear forces established by the temperature gradients. If the 
surface tension increases with temperature, as in the case cf 
pure iron, diffuso-capillary flow results. If  sorne impurities 
exist in the iron and the surface tension decreases with 
temperature, thermo-capillary flow results. Thermo-capillary 
flow ‘downward in the center> results in deep penetration 
whereas diffuso-capillary flow results in wide, shallow welds. 
In the case cf arc welding, bouvant forces are very small 
ccempared to electromagnetic and surface tension forces. When 
the electromagnetic and surface tension forces act in opposite 
directions double circulation loops can develop. Oreper's 
finite elements model showed these double circulation loops and 
computed the magnitude of their velocities. 

Lin and Eagar (€1] observed depressions of the weld pool 
surface over 4 mn deep and showed using calculus of variations 
and measured values of arc pressure that arc forces alone could 
not cause depressions of that magnitude. The model stowed that 
arc pressures could depress the molten speel surface only about 
1.3 mm. High speed photography cf oxide particles on the 
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surface of weld pools showed circumferential vortex motions in 
the liquid. Angular velocities between 20 and 30 radians per 
second were abserved and good correlatian was obtained between 
theoretical depressions caused by such angular velacities and 
actual weld pool depressions. Lin's "compound vortex" model is 


shawn schematically in figure 3. 
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Te Summary. 


The important 


process in the foliowing ways [22]: 


An increase in-- 


welding current 


arc voltage 


electrode extension 


electrode diameter 


welding speed 


variable 


6 im gas metal-arc welding affect the 


will cause-- 


1) 


2) 


po 


2) 


3) 


را 


1) 


= 


4) 


1) 


arı increase in melting rate, and 
arm increase in penetration and 
weld width. 

an Increase in arc length, 

an increase in weld width, and 
Possibly a slight increase in 
Penetration due to increased heat 
input. But spreading of the arc 
due to its increased length tends 
toward less penetration. 

an increase in melting rate, and 
possibly less penetration in the 
case where excessive melt-off 
causes the arc to impinge the 
weld pceol instead of base metal. 
a decrease in melting rate, 

a decrease in penetration due to 
decreased current dens ity, 

an increase in weld width, and 
Possibly prablems with spatter and 
a "wandering arc". 

a decrease in penetratian. 
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I. Compound Vortex in GTAW. 


Ehnhoskn L251 found that in gas tungsten-arc welding, 
penetration in steel increased gradually as the welding current 
Was increased for currents below 200A. Then, in the current 
range 200 to 3080A, a large increase in penetration was observed. 
Above this, very little increase in penetration was observed 
from 300 to 450A ard a gradual increase again for current above 
S=0A. Lim [1] attributed this increase in penetration to the 
formation of a compound vortex and the resultant surface 
depression. Figure 13 shows the surface depression Lim found in 
his work on GTAL) of steel. In the current range 270 to 30800A, a 
compound vortex formed causing a marked increase in depression 
of the weld pocl. Upon reducing the current, Lim found less 
Current was required ta maintain the vortex than to establish 
ut, Kolodziejczak [2861] argued that in the current region 300 to 
450A, penetration remained constant because the weld pool had 
already been depressed by the vortex much more than arc pressure 
Could, so the current is being conducted into the sides of the 
cavity and there is insufficient heat delivered to the bottom cof 
the cavity to cause further melting. Above 450A, arc pressure 
begins to dominate as the primary source of weld pool 
depression. Since arc Pressure increases with current, 
penetration also increases.. 

This narrow current regian causing a large increase in 
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penetration provided hope that this phenomenon could be employed 
in some manner to yield high penetration welds with low average 


eurrernt. 


er Pulsed GALI. 


Kolodziejyczak [26] studied pulsed gas metal-arc welding and 
the effects of various pulsing schemes on penetration and weld 
bead gecmetrv. Å representative plot of current versus time for 
pulsed GMAW is shown in figure 14. High peak current levels can 
be used in pulsed GMAW while maintaining lower average current 
by using a low base current. The lower average current results 
in lower heat input and less metal deposition. To take 
advantage of the compound vortex, the peak current must te 
higher than the threshold current and the duration of the peak 
must be langer than the time required to establish the vortex. 

Most af Kolodziejczak"'s work was dane at frequencies which 
were too high to allow adequate time for the formation of the 
vortex. KaladziejczakK sought to exploit other: apparent 
resonances in weld pool motion to achieve larger penetration 


values. 


e Goal. 


The goal of this work, then, was to determines: 
a) if the formatian of a compound vortex 
resulte in the same dramatic increase iri 


30 





Figure 14. Typical time plot of current used in pulsed 
GMALI. (261 





penetration in GMAN as observed in GTAW, 


b > the threshold current for establishment 


Of a campound vortex in GMAW of steel, 


er the t 1 me required to establish the 


vortex at currents above the threshold, and 


d > a methodology for employment o f these 


findings to result in welds cC f Increased 


penetration with little or no increase in 


average current. 


The last point is consistant with the overall goal of a method 


to deal with tack welds that could be implemented by an 


automated welding system. 


It was disappoirting that this goal could not be met. 11 


will be shown that a compound vortex affects GMALL penetration 


differtly than GTA penetration. 
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17, Experimental Apparatus. 


All the welds were made by a stationary torch on maving 
Plates. The plates were clamped to a water-cooled copper table 
moving at a constant travel speed perpendicular to the exis of 
pue torch. (See figure 15.) Power was provided by two parallel 
Miller Gold Star 688955 Fouer supplies thraugh arı Alexander Kusko 
egeokHz current regulator. A function generator sent a voltage 
signal to the current regulator which magnified the signal by 
100 amperes per volt and provided the current to the welding 
porch. The voltage signal was also patched to an oscilloscope 
so that the signal could be viewed and adjusted before welding. 
All welds were performed with direct current, electrode positive 
DCRP). 

Mild steel wire (9.045 inch diameter) was provided fram an 
caver‘ head reel by means. of a low inertia electric motar 
eentrcolled tv a logic circuit based cn arc voltage feedback. 
Direct central of wire feed speed was not possible, so it was 
measured with a tachometer at the drive uheel. Coclıng water 
was required for the current regulator, the moving copper plate 
and the torch. The shielding gas uas argon with 2% oxygen 
provided at a pressure of 30 psig and a flou rate of 30 standard 
cubic feet per hour. 

The arc length uas maintained at 98.5 inch for all of the 
constant current welds. An optical system allowed viewing of 
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Figure 15. The experimertal apparatus. 





the arc uhile welding. Once the welding began, the torch height 
was adjusted to bring the arc length to 0.5 inch. The optical 
system consisted of a Melles OGriot S mW He-Ne laser spread ta a 
eamm beam illurminating the arc and providing background light. 
Å series of filters and lenses including a neutral density 
filter and a variable aperture, adjusted the ratio of background 
1 ۱311 to arc light. An RCA NeuYicon color video camera then 
sent the resulting picture to å small video monitor in view of 
the operator. 

Three sets of experiments were conducted on this equipment. 


The rationale behind each set of experiments will be discussed 


in chapter five. What follaws here is a description of the 
experimental procedures. The three sets of experiments 
conducted uere constant current experiments, "ramped" current 


experiments and low frequency pulsing experiments. 


er Constant Current Experiments. 


A total cef twenty-one welds were made, bead-on-plate, on 
1018 cold rolled 12" x 4.5" x 3.83" mild steel plates at a travel 
speed of 10 inches per minute at various currents between ¿04 
and 338A.: Five or six welds were made on each plate after 
cooling the plate to ambient temperature between welds. The 
welds were each eight or nine inches long. 

Three transverze cuts were made in the central region af 
the plates, away from the beginnings and ends of the welds. The 


three cross-sections uere ground, polished and etched with å 124 
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nital solution. Three separate penetration measurements were 
made for each weld and the results were averaged. Each 
measurement had an accuracy of about @.25mm. Table 3 shous the 
current, voltage, torch height and overall penetration for each 
of the welds. During the second group of welds, the voltage 


meter was inoperative. 


3. Ramped Current Experiments. 


Three welds were performed with the current "ramped" from 
200 to 380A. The signal generator was adjusted to provide a 
very slow sawtooth waveform such that only one full oscillation 
would be completed over the course of the weld. Since the 
travel speed was maintained at a carstant 10 ipm, the welding 
current would be Known at every point along the weld. The plot 
of current versus time (also current versus distance) 1c shown 
Heer agure 16. Maintaining the arc length at ary given value was 
not possible for these welds. The increasing current and a more 
or less constant wire feed speed resulted in less stickout and, 
consequentlyv, longer arcs at higher currents. These welds were 
mece bead or Plate, an 1013 cold rolled 12" x 4,5" x 3⁄8" mild 
steel plates as before. These plates were cut longitudinally, 
however, to reveal the centerline of the weld at all points 
along the length af the weld. The plates were ground, polished 
and etched with a 12% nital solution. The results of these 


exper iments will be discussed in chapter five. 
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Weld Current Voltage Torch Height Penetration 
No. ¡Amps > (Volte) (cm) < mm > 
nh — = SIES 1.4 31 
| gd ere 34.4 — 3.4 
53 301 36.0 2.0 3.6 
1-4 sel 8516 153 4.4 
>5 295 34.6 17 41 
1-6 eeg 351 2.6 3.4 
= 323 36.2 1€ 4.2 
1-8 311 35.4 1.8 3.9 
29 285 CN 2.2 4.1 
1-10 261 32.4 3.4 
1-1 1 243 31.4 1.4 ses 
E 309 1c c 4.1 
2-2 224 I er 
— 328 1.4 4.4 
2-4 348 د.1‎ 4.7 
= es I ۶ 3:7 
2-6 217 1.7 eo 
ey 358 me 4.1 
2-8 341 13 4.3 
e-9 236 Do 2.8 
2-19 204 ESI 2.4 
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Figure 16. Pliot of sawtoath waveform used in ramped current 
experiments. 
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4. Low Frequency Pulsing Experiments. 


Two final welds were conducted using very low frequency 
pulsing. These welds were made, bead-on-plate, oan 1018 cald 
rolled i2" x 4.5" x 3/8" mild steel plates Just as before. The 
peak current was set at GSGA and the base current was set at 
2ØØA uith a 50 percent duty cycle. This resulted in arı average 
current af 425A. Initially the torch height Was adjusted to 
render a voltage of 36/7 and the travel speed was set at I7ipm so 
that the total heat input would be less than 35 kJ/in. 
Unfortunately, this resulted in burn-back and severely melted 
the copper contact tip inside the tarch. Raising the torch 
allawed welding to proceed but the results were unsatisfactory. 

The two welds were at 30Hz and 10Hz. Traces of the current 
versus time for these welds showed that the current dropped way 
off at the beginning cf the pulse without ever reaching 650n and 
began to recover near the end of the peak pulse. Indications 
were that dynamic interactions between the inductance of the 


power suppl» and the capacitance of the current regulator may 


have heen responsible foer: the problem. Kalodziejczak (26 J 
experienced similar problems on the same equipment. Time Was 


not available to isolate the problem arid correct it in order to 
conduct the experiment over. The extreme torch height made this 
an infeasible method anyway, due to extreme spreading of the 
cipue A higher speed wire feed motor wou:. have been required to 
louer the torch to a reascrrable height without  burn-back. n 
higher speed motor was available but it was incompatible with 
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the current regulator which was required to generate the square 
wave pulsed current. For these reasons the experiments were not 
conducted again. 

As welded, the penetration was very minimal, averaging only 
IE TO. To avoid stubbing and burn-back with the torch at a 
reasonable height, a very responsive, high speed wire feed 
motor, with arc voltage feedback control would be required. The 
difficulty arises from having such a large variance between the 


peak and base current values and welding at such low 


frequencies. 
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jJ. Initial Objectives. 


The first two objectives stated at the end of Chapter 3 
were the determination of whether the compound vortex results in 
a substantial increase in penetration and what threshold current 
is required to establish a campound vortex in GMAW. In order to 
accomplish these objectives, tnenty-ane constant current welds 
were made. The resulting penetration was measured and plotted 
versus. Current in figure 17. 

If the compound vartex behaved the same in gas metal-arc 
welding as in gas tungsten-arc welding, it was expected that a 
large increase, on the order of 1.25 mm [25], in penetration 
would occur around 250 to 298 n. Figure 17 shows no such 
sudden increase. hat it does show is a gradual increase in 
penetration throughout the range of currents tested. 

So at least the first objective had been obtained. 
Unfortunately, the result was that the compound vortex behaved 
differently in GMAL than in GTAL. Either the compound vortex 
did not form at all in this current range or the formation of 
the compound vortex did not result in a large increase ın 
penetration. To gain some insight into this matter, another 
measurement was made on the weld head cross-sections. Figure 18 
shows a naminal weld cross-section. If A represents the overall 
penetration, then call B the "finger" penetration. The finger 
is that partion of the weld bead that extends down belaw the 
mare or lezs semicircular region. The semicircular region might 


61 
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Figure 17. Plot of penetration versus current for the constant 
current experiments. 
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Figure 13. Diagram of weld cross section showing “AD total 
penetration and ‘Bd finger penetration. 
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be thought of as that region of melting due to conduction. heat 
transfer and the finger is due to convection and weld pool 
motion. It should not be misconstrued that these two heat 
transfer processes are independent and the total penetration 
could be obtained by summing the individual conduction and 
convection solutiors “even if a convection solution existed, 
which at present it does rot). If a Ccanvection) heat tranefer 
coefficient could be determined, ty definition it would include 
both the conductive and convective mechanisms. The tingere 
however, would not exist if convection and ueld pool motion did 
mot occur. A sharp Increase in finger penetration, in the 
current range of interest, would indicate the presence of the 
compound vortex. Figure 19 shows the results Git the finger 
Penetration measurements. Again, a steady increase is present 


instead af a large step that might indicate a threshold current. 


e. Discussion of Results. 


As current is increased, the penetration increases 


graduallv aver the entire range of currents tested. Further, 


lea gradual over the entire range 


Q 


the grouth ın the finger is 
G currents. In fact, figure 20 shows that the “growth in the 
finger accounts for nearly all the increase in penetration. The 
difference in the two curves in figure 20 results from growth in 
the cenduction heat transfer due to the Increase in heat input. 
But this growth is very small compared ta the growth in finger: 
penetration. Sa it is Clear that weld Fool motion in some form 


64 


FINGER PENETRATION VS CURRENT 


Q) 


LOHADOIAMIMO AMOZH 
N 





99 
CURRENT CAMPERES) 


Figure 19. Plot of finger penetration versus current for the 
constant current experiments. 
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PENETRATION VS CURRENT 





Figure 20. Plot comparing finger penetration to 
total penetration. 
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resulted in doubling the length of the finger while the depth 
of the semicircular region remained fairly constant. 

The obvious candidate is the campound vortex. The gradual 
increase in penetration indicates that initially the vortex 
either partially forms or is disrupted by impacting metal 
droplets with no angular velocity. Then, as current is 
increased, the vortex is strengthened and enlarged as the weld 
pool grows in volume, so the impacting metal causes less 
disruption. The result is that instead of a sudden increase in 
penetration when the vortex is established as in GTAW, 
penetration, especially finger penetration, grows gradually as 
the vortex grous in strength and influence. To test this 


hypothesis another welding experiment was conducted. 


3 Observations During Ramped Current Experiments, 


The signal generator was adjusted to provide the slow 
Sawtooth wave shown in figure 16. By allowing the current to 
increase in a continuous manner the ueld pool depression could 
be observed. Also, br making a longitudinal cut to reveal the 
centerline of the weld, any sudden penetration increase would be 
Clearly displayed. -The results were plotted on the same graph 
as the constant current welds ard are displayed in figure el. 
The penetration values obtained from the ramped current 
experiment are represented by the almost linear curve (with ro 
Points) that falls between the overall penetration and the 
finger penetration. The fact that the arc length grew larger as 
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Figure 21. Plot comparing penetration resulting from ramped 
current experiments to penetration resulting from 
constant current experiments. 
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the current increased; allowing more spreading, explains why the 
ramped current experiment resulted in less penetration than the 
constant current experiments where the arc length was kept 
constant. It is interesting that since the arc spreading 
reduces the penetration due to conduction, the penetration 
obtained in this experiment grows at approximately the same rate 
as the finger penetration. 

The other important observation during the ramped current 
experiments uas related to the ueld pool depression. As the 
welding current increased, the weld pool could be seen to 
fluctuate around 290 to 268 A, as if the vortex was alternately 
formed and extinguished. Then, at around 270. .t*to- 280 .m-. a 
distinct depression in the surface of the weld pool could be 
observed. At higher currents, the depression continued to grow 
in depth and become more distinct. 

It appeared that the compound vortex began to form in the 
same general current range as in GTAL but that impacting metal 
drops with no angular velocity disrupted the formation. As the 
vortex strengthened with increasing current and the weld pool 
grew, the vortex formed and began to depress the weld pool 
surface. This resulted in an increase in penetration. But this 
increase in penetration did not occur over a short current range 


as in GTADI. A current increase of 100A (250 - 350) resulted in 


about a 1.25mm increase in penetration. Another factor to 
consider was that this grouth in penetration was due almost 
entirely to the grow th in the finger. This may not be 


desireable in many welding geometries. 
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Refering again to the objectives stated in chapter 3, the 
first two had been obtained. It had been determined that the 
vortex behaved differentiy in GMAW than in GTAW but that it did 
result in an increase in penetration. The relationship between 
current and the formation of the vortex was also different in 
GMALS than in GTAW. No threshold current existed. The vortex 
began to form around 240 - 28606 and uas probably fully farmed 
around 280 - 300A. It was clear that the third objective, that 
of determining the time required for the vartex to form, would 

E. be very difficult to meet. Since there was no clear 
threshold current above which the vortex operated and belou 
which the vortex did not. Also, the penetration measurements 
did nat clearly show when the vortex was fully established and 
when it was not. So determining the time required for vortex 


formation was abandoned in favor of attempting toa develop £. G rne 


method for employment of this mechanism. 


4, Pulsing Strategy. 


Recalling the protlem of dealing with a tack weld by sorne 
automated system, it was desired that a sizeable increase in 
penetration could be realized with no increase in metal 
deposition and no increase in heat addition. Metal deposition 
and heat input are controlled by current. So it was attempted 
to invent a pulsing scheme that had a lou average current and 
yet took advantage cf the compound vortex for increased 
penetration. It was clear that to penetrate up to 10mm of tack 


YO 


weld, a high peak current would have to be used and that the 
peak period would have to be substantial. To bring the average 
current down, a fairly low base current would have to be used 
and the tase period would have to also be comparable to the peak 
period. 

The experiment took the farm of two welds using a square 
wave with peak current equal to 65ØA and base current equal to 
200A. The peak period and base period were equal 50 duty 
cycle) resulting in a average current of 425A. A direct current 
weld of 425A was also conducted for comparison. Two frequencies 
were tested, 30Hz and 10Hz resulting in 16. 7ms and SOmsS peak 
periods respectively. It uas attempted to adjust the valtage 
and travel speed so that the total heat input would be less than 
5۹5 ۷/٢1۳ (For many steels currently used in the construction 
of naval ships, heat input above this level requires special 
procedures and special Qualifications for the welder.) 
Unfortunately this resulted in burn-back since the wire feed 
motor was nat fast enough. Raising the torch resulted irs 
unsatisfactory spreading of the arc and very poor penetraticn 
resulted. Additional problems encountered are discussed in 
chapter 3. Although success was net acheived ın This 


experiment, low frequency pulsing warrants further study. 
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1. Corduction Solution. 


Rogsenthal's [2867] equation for a moving point source of heat 
orn a semi-infinite body is given in section 5 of chapter tuo. 
His assumptions were: 

a) the thermal conductivity, specific heat 
and thermal diffusivity remain constant and 
are independent cf temperature, 

b» the heat input and the travel speed of 
the source are constant, 

c) the source of heat is very small in size 
Compared to the region of interest so as l 
be considered a point source of heat, 

d> convective and radiative heat flaws are 
neglected, and 

e) the procezs has reached a quasi-steady 


Z tate on a semi-infinite medium. 


The last assumption pravides that ever thoush the 
temperature field is charging uith time, the heat source is also 
moving and the temperature field is steady with respect the heat 
source. The coordinate parallel to the direction of motion <X), 
then can be converted into time bv dividing ty the travel speed. 
It is as if a thermal "snapshot" is taken of the workpiece as 


the arc passes bv. 
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Ea. NG 21 ق131۳‎ 120 that the source cf heat was 
not small if the the region of interest was the fusion zone. 
Their made! used a distributed heat <auurce approximated ty a 
Gaussian function uith standard deviation s. 


q 


Pi x Ro x C x <d x Pi x aD 


t -17/2 2 2 e e e 
e رد‎ ee A EU ده‎ EA z 
exp MM c oo E edt 
= 2 
g 2at'' * s dat'' + 2s dat '' 
where t'' = the integration variable 
لا‎ = distance in the x direction in a moving coerdinate 
system u = x - vt 
v = travel speed of the arc 
y = distance horizontally perpendicular to the direction 


of travel 


= distance measured vertically from the plate surface 


H 
I 


a = net heat input per unit time (power) 
E = 5115326536 

Po = masse density 

c = specific heat 

a = thermal diffusivity 


= arc distribution parameter 


(n 
١ 


y = local temperature 


To = initial temperature 


This model was used in & computer program (Appendix BH). 
The user inputed material constants, welding parameters, the 
tvpe of "cut" desired (longitudinal or transverse) and where the 
cut was desired in relation to the arc. The program adjusted 
the values of w, y and z in imm increments. and calculated the 
integral shown above by means of a twenty step Simpson's Rule 
process. Two virtual heat sources were added to approximate a 
finite plate instead of the semi-infinite plate assumed by 
Rozerithal. 

The number of ee Rule steps and the number G f 
virtual sources was determined by trying several combinations 
and settling on & Campromise af accuracy and program run tire. 
The result obtained using twenty steps differs fram the result 
obtained using 100 zteps bv less than three percent. The result 
obtained using tuo reflected sources differs from that using 
three sources ty lets than ane percent. Some of the file 
cammands and print statements in this program may be unfamiliar 
because the program was written to run on a Commodore 64C 
computer. 

Å sample of the output fr cy E tii rS program is given in 
appendix B. The data obtained tram this program could be used 
to study the size of the fusion zone by examining the isetherm 
line equal in temperature to the melting temperature of the 
steel. The heat-affected zone could also be studied by locating 
the isotherm line of whatever temperature is determined to cause 
degradation in the properties of the steel. Cooling rates could 
be determined as well since the x coordinate functions as a time 
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variable. واا‎ this Study, only the size of the fusion zone is of 
interest. The longitudinal cut Was used a determine the 
maximum depth of the fusian zane. The transverse cut showed the 


basic shape cf the fusion zone. 


2. Comparison with Experimental Results. 


The welding parameters for welds 1-1 and 1-2 were input 
into the computer program and the output data were plotted in 
maegures ce through 25. The melting temperature of mild steel is 
shown as a dashed lire at 1533 degrees Celcius. Figures 22 and 
24 show that the maximum depth of Penetration occurs 0.56cm 
behind the arc. In weld 1-1 the maximum penetration is between 
the surface “z=@) temperature cur ve and the 3mm temperature 
eurve. Interpolatian of the data result in a penetration af 
1. 3mm. The maximum penetration for weld 1-2 if 49. Ara. The same 
procedure was carried out far other welding currents and the 
results were platted in figure 286 along with the experimental 
results. 

It is clear from figure 26 that the predicted results do 
not agree very well with the experimental results. Å revieu of 
the azzumptions made by Rosenthal reveals that even using a 
distributed zource and a finite plate, there are two very 
important faults with the thecry. The first 1S that the 
material properties cf the plate do not remain camstant as the 
temperature increases. And secondly, convective heat transfer 
eee par tant te the precess. Additionally, not all of the 
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Heat applied to the plate can be used to raise the terperature 


of the weldment. Since there is a change af phase (solid to 


liquid) some heat is lost as heat af fusion. These factors 


combine in a way that is not clear ta change the slope of the 


current versus penetration curve. Another potential source of 


error is the calculation G f the heat input to the plate. 


Appendix A and reference (61 shou that the product ot arc 


voltage and arc current is multiplied by an arc efficiency 


factor to determine the amount of heat applied toe the plate. 


This arc efficiency is. assumed ta be constant uhen in fact it is 


a function of current. Reference [6] shows a plot “(f13. 6.17 pg 


169) of decreasing arc efficiency with total input power. An 


arc efficiency that is decreasing with current would help reduce 


the discrepancy betueen predicted and experimental results in 


aure 26. 
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Figure 
weld 1-1 predicted by the computer model. 
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Figure 23. Plot of transverse temperature distribution for 
weld 1-1 predicted by the computer model. 
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Figure 24. 
weld 1-2 predicted by» the computer model. 
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Plot of transverse temperature distribution for 


Figure ec. 
weld 1-2 predicted ty the computer model. 
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Figure 26. Plot of predicted and experimental 
penetration values. 
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II. CC ONCLUS I ONS 


I. Compound Vortex in GMAW. 





Url ike gas tungsten-arc welding where increased current 


brings about a sudden, very large increase in penetration when a 


compound yor tex 1s. established, increased current in gas 
metal-arc welding causes a gradual increase ın Penetration 
through the range where a vortex starts to form, for ms 
completely and becomes very strong. Metal droplets from the 


electrode that impact the weld poal have no angular velocity and 
therefore hawe a disrupting influence on the vortex. When the 
current is law and the vartex is weak, these droplets do rct 
allow the vortex to form completely; 50 the resulting 
penetration is not as great as might have been expected. As the 
current becomes larger, the vortex becomes stronger and can 
impart angular momentum to the impacting draplets with less 
daisruptior. The resultirg penetration is greater. Finally, 
when the current is large enough, the vortex is very strong and 


results in deep weld penetration. 


EE Growth of the Finger Penetration. 


ns current 15 Increased and overall weld penetration 
becomes larger, nearly all of the growth in penetration 1s a 
result of the growth in the finger penetratian “see figure DS. 
Figure 20 shows that the finger penetration grows nearly» as fast 


ge 


as the total penetration. The result iz a nearly constant depth 


for the "semicircular region while the finger grows to over 
half of the total penetratian. In many joint geometries this 


is not a desireable result. The narraw finger may nat fill the 


tevel for instance, and cause incomplete fusion. 


E Gilet; touted sour Gee: Cavyduction Soelutaicecn. 


The computer model used produces results that ar € of the 
right magnitude. But the predicted penetration grows too 
rapidly as currert is increased. The assumptions of constant 
material properties and no convection as well as the use of a 


Constant arc efficiency are responsible for the discrepancy. 


4, Increased Penetration. 


In order to realize increased penetration, a significantly 
larger amount of heat must be added to the plate. an attempt 
Was made to use a high peak current balanced t y a low base 
current so that the process would have the advantage of a 
Current and yet still have a low average heat input. The 
attempt failed due to equipment deficiencies but the concept 
etilli has merit. 

Another, possibly easier, way to ache ive penetration 
through a tack weld without additional metal deposition would be 
the use af a second, non-cansumable arc in the area of the tack 
weld. It is recommended for further study, that the use of a 
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second (possibly GTA) torch be tested on tack welded plates to 


determine the feasibility of its use and its mast ideal location 


with relation to the GMA torch. 
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A. TEMPERATURE F IELO PROGRAM 





Program Listing. 


PRINT CHRE: 147) 
PRINT: PRINT:PRINT 

PRINT"THIS COMPUTER PROGRAM WILL CALCULATE THE” 
PRINT" TEMPERATURE FIELD PRODUCED BY A CIISTRI- " 
PRINT"BLITED HEAT SOURCE TRAVELING ON A FINITE " 
PRINT"PLATE. THE FORMULATION OF THIS SOLUTION" 
PRINT "IS FROM A PAPER BY T.W. EAGAR AND " 
PRINT"N.-S. TSAI (WELDING JOURNAL, DEC, 1987 " 
PRINT"RESEARCH SUPPLEMENT, PP 3468-3558.) " 
PRINT:PRINT:PRINT 

PRINT^IT WILL STORE TEMPERATURE DATA IN YOUR " 
PRINT"DATA FILE. WHAT IS THE NAME OF YOUR " 
INPUT"DATA FILE ";88 

PRINT CHR$(147) 

A=.147:R0=7.833:K1=.54 

V=21:1=251:ETA=.75:V1=1Ø 
H=.9525:TN=20:81GMA=. 18897 

OPEN 3,8,3,"00:"+B3+",S,L" 

CIM TT<6Ø,2Ø):DIM M(2Ø) 

INPUT"DO YOU WANT TQ PRINT QUT THE TEMPERATURE DATA" 
IF PP$="N" THEN 490 

OPEN 4,4 

OPEN 274.2 


OPEN 1,4,1 


00 
cn 


` 
F 


PPS 





495 


497 


500 


265 


579 


280 


U$=*33.39 93939 3393 33393 39993 33999 3339 3393997 


US=US+" 3393 3393 3333% 


PRINT#2,US 


GOTO 540 


PRINT CHP$1147) 


REM KKKKKKKK KKK K KKK KAKA BASE METAL PRRARMETER Soo ooo o» x 


Rue OMe R Minto mms TY it ye Ce iM 275 هر‎ 


NPE MASS BENSINY «“GYCMt3s)"; kG 


EUT TRERMNEC CONDUCTIVITY (LCM DEGREES "تم‎ 


BEIIFIESTHERHSEZEITERUSTWTITTZZIr RZ U CLUL(EN DEGREES C9)” 


ERT TNT MASSTPENSTIV SRO IG CMTS 


PRINT THERMAL ٥0۱1006 1٤۷ 11 ۷ ="/;K1;" <XLL⁄/CM DEGPFPEES CE)" 


J = E (ti IPE d THERMALIGONDUGTIVITY CG CM/513 DEGREES C) 


G ATR O: PEI SPECIFIC HERT ICH 27512 DEGREES C» 


|1 21 HEE THESE VALUES CORREET 1223 


Sab UNS THEN 435 


FE PIN. KY. WW. N. WY. N. WN. N. H.W. WN. N. N. WN WW. پل‎ WY. پل لا لا پا په پر پل پو پل لا‎ OOOO s S S u S SSS S S S S S SSS SS 


PEM 

REM 

REM 

GOTO 650 

PRINT CHRS(C 147) 


INPUT VOLTAGE CUI; 


INPUT CURRENT CAI SI 


PU ARC EFFICIENCY SETA 


1 ٣٧٢٢ ۹ ٢٣ SPEED Ch tM Mes لر‎ 
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11۹۳١١ crite THICKNESS (20M MAK) "3H 


۳٣۳٣ iti Tinie TEMFERATURE XCELSIUS)"; TN 


INPUT"ARC DISTRIBUTION PARAMETER"; SIGNA 


PRINT"VOLTRGE -";V;"(y)" 


ERINT CURRENT =" I>" eno" 


AIN ARE EFFICIENCY "ETR 


DESTIN IRHMVEIL SPEED r=”; 17" K IN MIND" 


PFE ITIISEL TE THICKNESS SSH: CCM" 


EITM Ill T IU [Epic EPI TUEE =1; TH; “<DEGREES CELSIUS)” 


PRINT"ARC OISTRIBUTION PARAMETER ="3SIGMA 

EUT THRE THESE VALUES CORRECT"; ZZS 

IF ZZ*$="N" THEN SSS 

Q=V+I TETASREM HEAT INPUT (3/5) 

Newer REM HENT INPUT EMte/Sts > 

ICA GO: REM TRAVEL SPEED EMS) 

M=e8°REP INTEGRATE OVER 20 SECONDS 

RE IV Doc 22 22222222 222 222222222 222 22 2222 2 2 پا لا په 22 با پل بل‎ 22 7 a a MOH HO 
REM 

REM. 

BENI CHESRCXIS, 

INPUT "LONGITUCINAL CR TRANSVERSE KL OR To"; YY$ 

IF VYYS="L" THEN 300 

PEST" THEN 710 

GOTO reo 

پاپ پو لا پا پا پا پو پر پر پا با پر با پل بل با با بل بپ بپ پل ښپ پل پل PRED A aOR OO OOOO OO OOOO OOOO AN‏ 
FEIT ۳٩٣۲٣5۷۷٣٣٩٢ ٣۴ SECTION"‏ 


BIS CEI I rj eE II CE OF SLICE FROM THE ARC «+ AHEAD, 
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300 


ده 


- BEHIND) ";X 


A othe A CCM os INPUT? IS THIS CORRECT xY OR 


poc 


(Pee Ty THEN 710 


ZT=INTS1Ø*H) :REM 1MM INCREMENTS 


FOR £2550 TO ET 


Z=ZS%. 1 


FOR Ys=-a TQ 40 


GOTOa8SƏ : FET £ * k T. F F. TO SIMPSON'S INTEGRATION ROUTINE 


HSE 2SDETHETA*TN 


NEXT YS 


NEXT 25 


GOTO2009 


.4 په ېه په پو پا پا پر پا پل پل پا پا په پا غه په مه پا په پل پا پا پا په W Y W‏ پل پا په REL FIN OOOO‏ 


REM 


REN 


REM 


RE Prbkokorooko LONGITUDINAL SECTIONS ¥ ¥ ¥ 


EET ل٢‎ 1111۱1۳٩۹۹٣ SECTION? 


Fi | DI Toi En II Gb OFT SLICE EROM THE ARC 


CENTERLINE"; Y 


310 


ali 


S132 


EET CUISINE SITEM INPUT" TS THIS CORRECT xY GR 
Ia => 

IF ZZ%="N" THEN 8090 

ECT TATE ME ات‎ ١٢١1٨۹۱١1١١١ IS E CM CONG IN THE A-DIRECTION. 
INPUT FORWAROMOST” 


Se 





303 


Sur 


INPUT"X COORDINATE (+ AHEAD OF ARC, - BEHIND)"; KO 


PRINT"X COGRDINATE GOES FROM";XØ; "CM TO "; AØ-6; "CM 


(+ AHEAD OF ARC)" 


EUT IS THIS COFRECT Gr GR N)", ZZ 


IF 2Z$="N" THEN 812 


T-INTCIOx*xHO:KEM 1MM INCREMENTS 


FAR Z5=0 TO ZT 


GATOAQSØ REM o ooo TO SIMPSONS INTEGRATION ROUTINE 


TT(X8,28) -THETA*TN 


NEXT XS 


HEAT ZS 


GOTO 2100 


REM 


FEE TP ۷ ٢ ۷ بل‎ ov wo RA ANA AAA RARA AAA A ABEGIN INTEGRATION SUBROUTINE +x 


a7 Oe ee MAE NWN Wee IV IE TIME INTERVAL INTO 20 PARTS 


HY. H. W. ¥‏ پا پا د اعد بد بل بل لال بل لا للا با لالا لا ۷ ۷ ۷ ۷ ۷ ۷ REM +e eSIMPSQN'S RULE INTEGRAL‏ 


IN=0:N=0Q 


N=N+1 


ee: -8 270137 STER 2 


TO=XAWDT 


آل ( 1 ۶۰ ع 1 1 


IE 9 THEN! S10 REM FFAA وله‎ پ۴٨0‎ ۲۳٢ VALUE IS EQUAL TO 9 


DO=0:GUTO 330 





210 


340 


Seo 


D 
0 
© 


1808 


1095 


1010 


1620 


1023 


NET 


SIcMAT2)) +‏ )٢۵م‏ ۵م مه / ( ع2۱01 64 ۱١۵ ٧۱۷‏ د« که امه وه د لال لس ٢‏ 


KZIEZINAHNEIO)) 


PESE ERIC TDT. 3/24 Ar T10+SIGMATE) 


A tet tote eV Oe lEVS Tea T 1 T2I,. Ra rar TLl+245Ichht2))t+ 


ete NAT) 


1 ١٣۳ ع د‎ (١ ) ١١۹١ - SO) Keene ltSiGMnAte) 


DI=0Ø%2+D1%4 


IN=]N+0 1 


XP 
secs EEE east ELEMENT IN SIMPSON SUM 
EØ=K(KT2+YT2+2KKAIVSKTØ+VST2KTO LL) (4 KAKLTØ+2KSIGMAT2 ) ) + 
«Zt18/CAxP*TO») 

(IOgEXRF C-EOD K CTOT-. 50 /CO «Ak TO*S IGMA T2) 

IN-IN*DO 

IF N^1 THEN 16825 
Z=2*H-Z :GOTO387 


E 
٩7 


ET THEN 1039 

gele GOTOS3 Y 

IN= INYDT.3 

1٩٢ ۱١١- 1۲۹٤ )( FISPOYCP+(94PIKAIT.S> 
IFYY$-"L" THEN 844 

GOTO 7635 : RE TIbr ook ooo ovo AO OOOO OOO OOOO OOOO پا پا اا اه‎ Y. W. 
REMY PRINT OUT 
1١ وټ‎ NT HEN] 200 

PRINT#4, "TRANSVERSE SECTION AT X - ";X:PRINTH4:PRINTH4A 
PRPINT#4,"Y 7/2 ے‎ 0 


Ø.9":PRINTS4 


۳٣ 1۲٩۱۹4 "ء‎ 2-25 zz0.6 2 2=0.8 = 





2101 


TUS 


2103 


2105 


e107 


2110 


FOR YS=0 TO 40 
¡A A A 1 

FØR 25-8 TO 3 
Wits = 1 Tyo, 2 Ss? 
PRINT#I,TTCYS,ZS? 
25 


NEXT 


PRINTSI TC MC COD FMC IDS MCD MCI MCLIS MLIIF MCEI MLF MCS M) 


NEXT YS 

PRINTH4,"Y /Z NE DR OE 
PRINT#4 "”Z=1.S Z=1.6 2z-1.* 221.98 ¿=1,9" :PRINTAS 
FOR YS=0 TO 40 


L-YSx. 


هم 


FOR Z%<=10 TO 193 
BRZSIZSTTIT5,25) 
HEAT 2S 
PRINTHBI,L/MC1ØDz MALL DZMIELZDZMOCLJDZMULGDZMGULSDZMALIGSDSZz MK1ITY از(‎ 
۲٢٢ 13 ۶د‎ 137 

PEST YS 

GOTOZ22ØA :REMKKLK KKK KKK KKK KKK KKK KRAKK KÅRA KANN 
ILEPPS-ON PBEhNG2PSO0 
PRIMT"S 7 LONGITUDINAL SECTION AT Y 5 "Y: PRINT"4: PRINTH4 
PRINTH4,"Y /Z 
PRINTHA4,"2-20.5 Z=0.6 ¿=M0.7?  Z=0.3 
FOR AXS=Ø TO 609 
L=X0-AS%. 1 
2520 


FOR meus 


igo TIAS 29) 


1 





2130 


E190 


2160 


2170 


= 


EIS 


ت 1:7 


2180 


e18> 


Elige 


21934 


ERTEITS3 Wilco, Zo? 
NEXT ES 


PRINT#H#1 Ls MCOsMCLIFMC2IFMCSIFMC4IEMCSIFMCEdDI MLO MCB) F MCS) 


NEXT KS 
PRINT484,"Y /Z SOE SEI ه1‎ 221.3. 2-1.4 E 
PRINTHS,° 2=1.3 Z=1,6 2-1.* ¿=1.2 Z=1.9":PRINT#4 


FOR X5=Ø TO 60 


٢٢2و‎ (-211 ٣ 5 کت تر‎ ( 
Het ZS 
PRINT#1 ,L se ٤٩٣٢٢ 10 2۶ ٩١٣٣ 1 1١ (۶٤٣٣ 1٤ ر٩٣٣‎ 1 ر٨٢٣)‎ 14 2: ۳٢٢15 (۶:٣٣ م16‎ (٤٢٢ م1‎ ( 


٤٢ 18 (۶٢٣) 1( 


75 


NEAT 
EogRZS-OTOZT 

Mer ss ET THENZ220 
QG-40:GOTO2230 
QQ=60 

FOR AXS=ØT0GQ 
PRINS TISS ,Z5) 
NEST Ko 
NEXT 


e 
2s 


CLOSE 1:CLOSE 2:CLOSE 2:CLOSE 4 


Se 





Ex Program Explanation. 


Lines 140-175: 


Clear the screen and prints a message. 


Lines 180-1983: 


Prompt the user for the name of his data file and puts 


it into the string variable, B$. 


Lines 190-220: 


Line 270: 


Lire 280: 


Clear the screen and assign initial values to the 


thermal diffusivity CA), mass density (RO), thermal 


Conductivity (K193), voltage KY), current XI), are 


efficiency ETA), arc travel speed (V1), plate 


thickness XH), initial temperature (TN) and arc 


distribution parameter SIGMA). 


Qpens the data file. 


Dimensions the temperature arrays. 


Lines 300-460: 


Ask the user if he wants the data printed an the 
Printer in addition to recording it in his data file. 
If the answer is anything but "M", it opens the print 
files. The first file (#3) is the verbatim file. 
Anything printed in file #4 will be printed verbatim. 
The second file #2) iz the format file. The 
characters printed in file #2, in lines 450-460, 
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format the Commodore 882 printer so that anything 
printed in the third file (#1) will be printed in that 
farmat. 

mimes 330-330: 
Initially skip the input and print the current values 
of the Base Metal Parameters. Line SØ asks if these 
values are correct. if wot, line 3390 branches back to 
allow the input of new values. 

mines 5S=-585: 
Remarks. 

Lines 598-690: 
Perform the game function as lines 330-580 for the 
Welding Parameters. 

eines 651-693: 
Calculate the heat per unit time actually applied to 
the plate. The arc efficiency uas obtained from 
reference [6] page 164. Line GS2 canverts Q to the 
right units and line 683 converts the travel speed 
TEM ICM tO CME Line 685 sets the time over which 
the integration will take place. 

Eines COO - TOS: 
Allow the user to select å longitudinal cut parallel 
to the direction of travel or a transverse cut 
Perpendicular tc it. 

Lines 010-0396: 
Set up the locatión identification for the transverse 
Cut, Sime: TIS rea allo the user to input ae x 
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Lines 


133231607 of the transverse cut: Line 730 sets 2% 
equal to the thickness af the plate in integer 
millimeters. Line 735 is the beginning of the loop 
for the z dimension ‘measured down from the surface of 
the plate? and line 740 causes Z to be in centimeters. 
Line 745 is the beginning of the loop for the y 
dimension “@ to 4@mm) cff thte centerline of the weld. 
Line 750 causes Y to be in centimeters. Line 760 
branches to the Simpson's Rule Integration routine. 
The result is THETA = T =- TN, so the initial 
temperature is added in line 765 to get the 
temperature at that location. Lines 770 and 780 are 
the ends of the nested locps and line 730 branches to 


the cutput. 


133-843: 


Set up the location identificatiar for the 

Mens tudimal cut. Lines 805-311 allou the user to 
input the distance of the longitudinal cut from the 
centerline of the weld. Lines 312-316 allow the user 
to select the lecatian of the Gem (alang aan of 
the weld) on which temperature calculations are to be 
conducted. Line 820 sets ZT equal ta the plate 
thickness in integer millimeters. Line S25 is the 
beginning cf the loop for the z dimension (measured 
down from the surface of the plate) and line 830 
converts z inta centimeters. Line 335 is the 


beginning of the locp for the x dimension ‘measured 


aw 
Ch 


from the x location input in line 813). Line 840 
converts x into centimeters and starts the measurement 
at the x value input in line 813. Line 892 branches 
to the Simpson 's Rule Integration routine. The result 
is THETA = T - TN so the initial temperature is added 
in line 844 to get the temperature at that location. 
Lines 8435 and 946 are the ends af the nested loops and 
line 847 branches to the output. 

Eines S 50-1060: 
Are the Simpson's Rule Integration routine. Lines 
850-390 divide the time interval into twenty parts, 
set the sum (IND and the counter “Nd to their initial 
values and start the loop. Lines 900 and 905 identify 
the ends of the incremental time element. Lires 
303-309 handle the case when TA equals O and avoids 
division by zero. Lines 310-340 calculate the partial 
sums of the integral using the equation from chapter 
S. Lines 350-380 apply the Simpson's multipliers and 
increase the value of the zum CIN). Cire 990. is tlie 
end af the integral loop. Lines 1000-1020 calculate 
and add the last term in the Simpson 's Rule expansion. 
Lines 1023-1026 add the virtual heat sources at H 
belou the plate and 2H above the plate (where H is the 
plate thickness) and superpose the solutions. Line 
1030 completes the Simpson Integration. Line 1959 
multiplies the result by the constante in front cf the 
integral sign (see the equation in chapter 6). Lines 
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1855 and 1060 return to uhere the subroutine was 
called. NOTE: Originally GOSUB/RETURN statements 
were used but these take more computer time so GOTO 
statements were used instead. 

eames 1395-2290: 
nre the output section. Since much of the cutput 
programming is computer specific and in general for 
cosmetic purposes only, it will not be discussed in 
depth. It suffices to say that the program prints out 
the temperature data ra was desired and records 


the same data in the user's data file. The last line 


closes all the files to avoid data loss. 





B. COMPUTER PROGRAM OUTPUT 


MELO I<, I=2351A, V=21W, Are Eff.=0.75, TS=1ðipm, Plt Thk=. 95cm 
Initial Temp.-20 deg.C, Arc Dist. Parameter =0. 18837 
tom? Y = Ocm (Weld Centerline) Max. Penetration -O0.13cm 
Z = 0.0 0.1 0 0.3 0.4 Bie 2 8.6 Dy 9.8 0,37 
لیا‎ e s که‎ s سه که‎ n O ss nn ee سب‎ mr Sa an sa Mr as که کا شم‎ eem E ڪڪ‎ 


e 
s 


146 146 144 139 133 126 120 114 113 198 
194 134 130 183 174 164 155 146 149 137 
eor 206 259 249 227 Els 139 187 In 174 
335 334 3eo 3171 234 274 eso 238 cob 220 
430 428 417 338 374 347 322 300 eas ero 
542 540 Jes 590 468 434 400 S1 350 333 
E63 666 647 6165 Sr USE 339 453 926 dic 
gas 304 ¿Sl 742 633 6393 DO 542 309 433 


. 333 348 Sc 374 315 roe 683 636 OS BY 
o. 1097 1991 10593 1006 338 865 r33 732 687 663 
"بپ‎ less lens 1131 1131 1033 3,3 233 824 ryg var 


13852 1345 E 1242 1160 19709 383 308 354 326 
1443 1441 1941 1333 1247 Se 1060 382 324 334 
1515 (503 1468 1393 1311 1214 II 18040 381 i 
1220 1545 1509 1438 t330 1855 1162 1032 1024 334 
1554 1559 - 1515 1448 1364 logs 1183 1 106 1051 1022 
lager 1 1432 1438 1338 12639 1136 IS 1063 1036 
1476 1477 1448 1333 1825 1248 1173 1103 1062 1038 
1407 14083 1336 1340 1230 1213 1147 1031 1050 1030 
1326 13309 t312 Lee» Dee 1169 Jl i 1065 1031 1014 
less 1246 1234 1203 1164 1113 1073 1034 1006 395 
1153 1163 11595 1134 1103 1067 1032 1001 930 3/0 
1073 1084 ee! 1067 10343 1018 S331 JE o3 346 


I 
(OÜ [O — DO WO Ü p O DD —< O — VO UY BONO YI O O O 


l 
مم مر سم مم‎ 
a 


21 ې‎ 1060 1012 1014 1006 aal em 354 334 326 uoc 
ده 336 تل‎ 355 Sene 943 338 gis 393 202 3009 
1.6 881 SSE 304 305 Jaz 336 3ه‎ 383 S73 279 
EH A S36 el 861 S66 a66 364 gea 833 358 360 
Eu c a s 22 g32 336 337 eU Em 3393 339 342 
E 765 vse 734 303 303 uc 316 318 Se I 825 
Ses 0 TSR 754 mer me KSSE cu] T36 800 304 303 
Ecc VS Gee 744 md red PG Ww SE her nor 
== 692 03 me T39 744 TIS PES 7665 Trl oe 
sos 672 ES nes AS vet T35 742 743 NOS vol 
-2.4 E54 671 625 697 rog {13 wes wes 740 746 
ee 637 BSS 668 630 eo) 701 710 712 724 recs! 
2.6 Sew 637 651 664 673 685 694 82 mas r15 
zer: 606 62 1 636 648 669 670 Brå 637 634 701 
د چ‎ 531 6Ø7 eal 633 645 Sao 664 612 630 686 
scd S 533 eoe 613 630 641 659 658 666 67e 
E 564 3/93 593 605 617 S= 636 644 652 559 
Sel See DEG 580 aoe Sas 614 623 ESI 633 646 
2 590 554 Ser aga 331 601 610 613 626 633 
EE ves 42 SS 958 2/3 asa 038 6O6 614 Gel 
-3.4 518 Ss] 5494 556 567 Søm 536 535 602 603 
© Sør agl = = edo 256 366 v oes ien 38 





TRANSVERSE SECTION 


WELD 1-1: I=251A, =21¥Y, Arc Eff.=0.75, TS=1ðipm, Plt Thk=. 95cm 
Initial Teme.=20 deg.C, Arc Dizt. Parameter =0. 18897 


Transverse Cut at X = -0.6 Max. Penetration=0. 13cm 
KEM») 
2 = 6,8 p goo 62 0.4 o 0.6 0.7 0 . 05 3 
M SS > ساسا‎ 
0.0 1554 185 1513 1443 1364 psv 1133 1 106 1051 1022 
«1 1535 Lose 1496 1432 1350 18259 IIT 1036 1041 1913 
Ec 1484 1481 1446 18835 1307 lezi ER 1064 1912 acu 
vd 1402 1400 1368 ENE 1233 1153 1082 1015 366 341 
. 9 | ERU 1267 velt me 1030 1010 350 Sør S34 
So 1174 1174 1.15% 1 7 D ST 938 Ger 875 837 818 
e 1244 1244 1025 339 341 839 837 738 761 745 
ae Se amns 398 S63 231 783 746 710 683 670 
z 735 7€ 776 TAB ea 633 656 627 eco? Sg 
n 667 670 662 646 623 = J E 550 534 526 
| 9 Sea SES 561 549 EN 513 494 478 467 361 
l.1 470 474 472 464 452 4339 425 414 4Ø6 402 
p 292 296 396 Sai Ses 374 aeo Sor soo 350 
I Ser 331 232 Ses ges 319 313 383 385 304 
1.4 274 ero ERE, c 276 ere 263 266 264 263 
125 230 234 236 236 235 233 231 230 cos 2 
ME 195 Loo 200 2091 cul 200 200 SS 153 rag 
I rv 166 163 171 172 13 ies 173 173 173 13 
1-8 142 145 147 143 149 150 120 190 D 151 
|| د‎ pos les 127 128 123 130 13 1 r31 132 ise 
euo 107 103 110 112 Inns 114 114 its VIS 116 
23 1 a3 39 36 98 S 100 100 101 101 192 
exc eu 33 = 36 = aa S 39 33 30 
ees 7 74 co 76 vr © 7 mJ mu go 
2.4 54 EG 66 eT 68 ES eg E 7 Til 
ENS Sr 38 53 sa El el ee = 63 Ss 
EE Je 3 = cg SS = J65 S6 56 ox 
er 47 43 48 43 43 o0 o0 S1 Si S 
ews 43 43 14 44 45 45 46 46 46 47 
aS 23 30 40 41 41 41 42 42 42 42 
3.0 36 EN en is 38 38 38 Es 39 de 
Sel 34 34 34 35 do Sa 36 36 36 36 
ج‎ se Se Se de 33 33 33 233 34 34 
8.3 38 30 39 oo 31 31 = S 231 Sa 
3.4 es 28 e aS = = 293 29 30 30 30 
3:9 er er = c 28 es 23 23 E 28 
3.6 26 26 26 26 E er Er er er 
Sar es 25 23 eo ao 25 26 26 26 2 
3.8 24 24 24 24 25 es 2 es es 29 
3.9 23 23 24 24 24 24 24 24 24 24 
4.0 23 23 23 c 23 23 23 es 23 e 


Material Parameters Used: Thermal Oiffusivity = 9.197 I[Icmt2.s] 
Mass Density = 7.833 [g9/cmt3] 
Thermal Conductivity =Q@.54¢4(W/cm-deg.C] 
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